The herpes simplex virus 1 (HSV-1) replicative cycle begins by binding of the viral activator, VP16, to a set of sequences in the immediate-early (IE) gene promoters. With the aim of inhibiting this cycle, we have constructed a number of synthetic zinc-finger DNA-binding peptides by using recently reported methods. Peptides containing either three or six fingers, targeted to a viral promoter, were engineered as fusions with a KOX-1 transcription repression domain. These proteins bound to the HSV-1 IE175k (ICP4) promoter, in vitro, with nanomolar or subnanomolar binding affinity. However, in a chloramphenicol acetyltransferase reporter system, only the six-finger protein was found to repress VP16-activated transcription significantly. Thus the longer array of zinc fingers is required to compete successfully against VP16, one of the most powerful natural activators known. We found that the HSV-1 replication cycle can be partially repressed by the six-finger peptide with the viral titer reduced by 90%.
T he herpes simplex virus 1 (HSV-1) is a human pathogen most commonly associated with mild epithelial lesions and capable of becoming latent in nerve cells (reviewed in ref. 1) . Most HSV-1 infections can be successfully treated with acyclovir and its derivatives; however, a large research effort is currently devoted to developing alternative treatment strategies to tackle drug-resistant strains of HSV-1. Among the new approaches to antiviral treatment, conventional antisense reagents (2, 3) and ribozyme technology (4, 5) are particularly promising. We decided to evaluate the potential for specific antiviral intervention at an alternative level: repression of transcription by customized zinc-finger transcription factors, as shown to be possible by Choo et al. (6) .
Over the last decade, Cys 2 -His 2 classical zinc fingers, such as Zif268 (7), have emerged as versatile scaffolds for engineering novel sequence-specific DNA-binding domains (reviewed in refs. [8] [9] [10] . Protein engineering has demonstrated that zinc fingers are capable of binding to a wide range of DNA sequences (11) (12) (13) , and furthermore, arrays of finger subunits may be linked to bind longer DNA sequences (14) (15) (16) (17) . Three-and six-finger domains have been constructed by a number of groups and have successfully activated or repressed single gene targets in a wide variety of systems (7) (8) (9) . Although zinc fingers have been previously targeted to viral gene sequences, such as the HIV promoter (12, 18, 19) , the potential of zinc fingers to selectively inhibit a live viral infection has not yet been addressed (but see the preceding companion paper, ref. 20) .
Because viral replication is a complex process, involving multiple and often host-derived transcription factors, it is necessary to examine the biology of HSV-1 in detail, so as to find a ''therapeutic window'' to allow the specific targeting of the virus, without affecting cellular processes. HSV-1 gene expression proceeds in a sequential and strictly regulated manner and can be divided into at least three phases, termed immediate-early (IE or ␣), early (␤), and late (␥) (21) . The IE proteins regulate the expression of later classes of genes as well as their own expression, and the product of the IE3 gene, IE175k (ICP4) is critical for HSV-1 gene regulation (22) (23) (24) .
Each of the five IE gene promoters of HSV-1 has at least two copies of a conserved enhancer sequence, TAATGARAT (where R represents the nucleotide A or G), which is recognized by a multiprotein transactivation complex (25) (26) (27) . This complex consists of the virus-encoded activator, VP16, and two cellular factors, namely Oct-1 and HCF-1 (for reviews see refs. [28] [29] [30] [31] . Because this complex specifically activates only HSV-1 IE genes in a TAATGARAT-dependent manner, it is clear that this process is specific to the virus and provides an opportunity for antiviral therapy. Therefore, we engineered several zinc-finger repressor proteins that would bind to the TAATGARAT region of the IE IE175k gene, and thus allow us to investigate whether it is possible to intervene in HSV-1 viral replicative cycle at the level of transcription. An IE gene was chosen because, if repression is to take place by means of a direct protein-DNA interaction, it is important to target a gene that is expressed at the beginning of the viral cycle, thereby inhibiting infection at the earliest possible stage before the number of viral genomes increases. Additionally, the promoter region of an IE gene is readily accessible to transcription factors, which makes it a seemingly ideal target for zinc fingers. This model also gives a unique opportunity to study competition between a natural and highly potent activator, VP16, and an artificially generated repressor for the same DNA-binding site. This competition, to some extent, reflects natural gene regulatory processes in which different factors interact and compete at a gene promoter to control the level of transcription.
Materials and Methods
Library Selection of Zinc Fingers by Using a Phage Display System. Several 9-bp sequences (including targets t4 and t2, Fig. 1 ) spanning the transactivation complex binding region of the HSV-1 IE175k promoter were chosen as targets for zinc fingers. These target sequences were used to screen libraries of randomized three-zinc finger peptides, in a Fd-Tet-SN phage display system. Two bipartite GCGG-anchored libraries, Lib12 and Lib23, which had been previously constructed for rapid engineering of three-finger peptides (12, 32) , were used for screening. Zinc-finger proteins (designated A) to bind t4 (GATCGGGCG) were selected directly from Lib23 by using the method described by Isalan and colleagues (12, 32) .
Proteins (designated B) to bind the t2 sequence (TAAT-GAGAT) were generated by a combination of selection and rational design (Fig. 1) . Initially, a series of clones that bound the t2 ''half-site,'' 5Ј-TAA TGg gcg-3Ј, were selected from Lib23. Amino acids at positions Ϫ1 (contacting A), 1, and 2 of finger 2 (F2) were then engineered by rational design as QDA. The sequence of F1 was also engineered by a combination of rational design and selection. Positions Ϫ1, 1, and 2 were randomized, whereas the rest of F1 (positions 3-6) was constructed by rational design as NLTR by using Tramtrack (33) F1 (which binds the same TAG sequence) as a template. This library of clones was screened against the full-length t2 target sequence.
Construction of the Zinc-Finger Expression Plasmids. The sequences encoding the three-finger peptides were amplified by PCR directly from the selected phage clones, A1, A2, B1, and B2 ( Fig.  1) , and cloned into pcDNA3.1(Ϫ) (Invitrogen), which facilitates expression both in mammalian cells and in vitro. To create a six-finger protein, 6F6, the three-finger peptides B1 and A1, selected to bind the sequences TAATGAGAT (t2) and GATCGGGCG (t4), respectively, were joined by using the linker LRQKDGERP to bridge the 1-bp gap between t2 and t4.
To engineer zinc-finger and repression domain fusions, DNA fragments corresponding to the relevant three-finger or sixfinger domains were amplified by PCR and joined with the PCR-amplified regions coding for the nuclear localization signal (34) , the Krüppel-associated box (KRAB) repression domain from KOX-1 (35) (36) (37) (38) (39) , and the c-myc epitope (40) . All fusion proteins, designated A1KOX, A2KOX, B1KOX, and 6F6KOX, were expressed by using pcDNA3.1(Ϫ), and in all of the cases the N-terminal zinc-finger domain was separated from the KRAB domain by a nuclear localization signal and the epitope tag was at the C terminus. Additionally, the three-finger construct pHIVCKOX, used as a negative control in HSV-1 infections, was generated by exchanging the A1 domain in A1KOX with a threefinger HIVC domain (selected to bind GATGCTGCA). To facilitate fluorescence-activated cell sorting (FACS), 6F6KOX-and B1KOX-coding sequences were subsequently subcloned into pTRACER-CMV͞Bsd (Invitrogen) to create p6F6KOX-TR and pB1KOX-TR, respectively. These plasmids express relevant zinc fingers-KOX fusions from the cytomegalovirus (CMV) promoter and Cycle3 GFP-blasticidin from the EF-1 promoter.
Evaluation of Zinc-Finger Binding Affinity and Specificity. The phage-ELISA method was used to evaluate the K d and binding specificity of the selected three-finger proteins (41) . To test the specificity of the phage-displayed zinc-finger peptides, ELISAs were carried out against the correct target sequence and against closely related sequences. For measurements of K d , the phagedisplayed peptides were tested in ELISAs against serial dilutions of its correct 9-bp target site (ranging from 0.125 to 32 nM). WT Zif268 (fingers 1-3) displayed on phage was used as a control in these experiments.
Gel Retardation Assays. Zinc-finger peptides were synthesized in vitro by using the TNT T7 Quick coupled transcription͞ translation system (Promega) and subjected to gel retardation assay by using previously described methods (16) . Binding of zinc-finger proteins to the appropriate DNA sequences was tested in the presence and absence of the C-terminal regulatory domain. The six-finger protein, 6F6, was tested against its full-length target and related sites from the promoters of the IE68k gene, the IE110k gene, and the human H2B gene.
Transfection of Mammalian Cell Lines.
Transient transfections of COS-1 and HeLa cells were performed by using the chemical compound FuGene (Roche) and CsCl-purified DNA. We routinely used 1-2 g of total DNA, equalized in all cases by addition of pUC19 carrier DNA. For chloramphenicol acetyltransferase (CAT) assays, pcDNA3.1(Ϫ) was added as required to equalize total levels of CMV promoter input. On average the efficiency of transfection varied between 3% and 33%, as assessed by a standard pLacZ transfection and ␤-galactosidase assay.
CAT Assays. Different amounts of zinc-finger constructs were transfected into mammalian cells along with the pPO13 (p175CAT⌬380) reporter, which contains the entire HSV-1 IE175k promoter region (positions from Ϫ380 to ϩ30) fused to the CAT gene (ref. 42 ; kindly donated by P. O'Hare). Transcription of the CAT gene was additionally activated by VP16, expressed by pCMV-VP16 (RG50) plasmid (kindly donated by P. O'Hare) added to the transfection mixture in amounts of 2 ng͞10 ng of pPO13. Cells were harvested at 40 -48 h after transfection and assayed for CAT enzyme by using the CAT ELISA kit (Roche), according to the manufacturer's instructions.
HSV-1 Infection of Transiently Transfected Cells.
Transiently transfected cells (provided that the efficiency of transfection was at least 30%) were infected with various amounts of HSV-1 (strain 17), ranging from 0.01 to 0.5 plaque-forming units (pfu) per cell at 40 h after transfection. Infection was performed in cluster dishes in the presence of 2% FCS at 37°C for 1 h, followed by changing of medium and further incubation at 37°C.
HSV-1 Infection of FACS-Sorted Cells.
To enrich for cells expressing 6F6KOX, before HSV-1 infection, COS-1 cells were transfected with p6F6KOX-TR and at 24 h after transfection were subjected to FACS sorting using GFP as a tracer. Before FACS, cells were resuspended in PBS with propidium iodide (0.005 mg͞ml) and strained through a 70-m cell strainer (Falcon) to remove aggregates. Only cells positive for GFP and negative for propidium iodide were selected and seeded at the desired density and infected, as above, with HSV-1 at 16-24 h after plating. Cells and medium containing viral progeny were harvested at various time points after infection. Cells transfected with pB1KOX-TR or an empty vector (pTRACER-CMV͞Bsd) were used as controls.
Immunofluorescence and Immunodetection. Cells intended for immunofluorescence studies were grown on coverslips placed inside the wells of cluster dishes and transfected and infected, as described above. Cells were fixed on the coverslips by using methanol, and zinc-finger proteins were visualized by using anti-c-myc mAb, 9E10 (Santa Cruz Biotechnology). The IE175k protein was detected with rabbit polyclonal Ab r74 (kindly donated by R. Everett), and immunofluorescence was viewed by using a Bio-Rad confocal microscope.
Total cellular lysates from transfected and infected cells were used for SDS͞PAGE and Western blotting. The c-myc epitopetagged proteins were detected with mAb 9E10, whereas HSV-1 proteins were detected by using anti-VP16 mAb LP1 (kindly donated by A. Minson), polyclonal Ab r191 against IE110k (kindly donated by R. Everett), or the mAb 10176 against IE175k (kindly donated by R. Everett). The signal was visualized by using the ECL detection system (Amersham Pharmacia). The same membrane was stripped and reblotted up to five times.
RNA Analysis. For quantitative analysis of viral mRNA, infected cells (previously transfected and FACS sorted as described above) were lysed, and total RNA was extracted by using the RNeasy total RNA isolation kit (Qiagen) with RNase-free DNase treatment. RNA samples (500 ng to 5 g) were reverse transcribed by using the SuperScript First-Strand Synthesis system for RT-PCR (GIBCO͞BRL), with random hexamers as primers. Samples of cDNA (20-100 ng) were serially diluted and analyzed by real-time quantitative PCR using TaqMan chemistry. The 18S rRNA was used as an internal standard for each sample. All primers were HPLC-purified, and all TaqMan Quantitation probes were labeled with FAM reporter dye (Applied Biosystems).
Results

Analysis of the Three-Finger Proteins Selected to Bind to the t4
(GATCGGGCG) and t2 (TAATGAGAT) DNA Sequences. A phage display method (12, 32) was used to select three-finger proteins capable of binding to two adjacent DNA target sites (named t2 and t4) in the HSV-1 IE175k promoter. Selection A was carried out against the t4 DNA site (GATCGGGCG) and selection B against the t2 site (TAATGAGAT) (Fig. 1a) . A large number of selected clones were initially screened by phage ELISA to determine which zinc-finger peptides bound with the highest affinity and specificity. The strongest binders, A1, A2, B1, and B2, were then taken for further analysis. These four proteins were tested for binding against serial dilutions of their appropriate target site (Fig. 1b) and were found to exhibit apparent K d comparable to Zif268 displayed on phage, which was used as a control (Fig. 1b) . The relative affinities of A1, A2, B1, and B2 for their target DNA sites were also analyzed in gel retardation assays using in vitro expressed zinc-finger peptides, as exemplified for A2 in Fig. 1d , with results comparable to the ELISA data described above.
For the initial cell culture experiments, the three-finger domains of A1 and A2 were fused to the KRAB repression domain and tested in transient transfections by using the entire IE175k promoter linked to a CAT gene as a reporter. Experiments were conducted in the presence of full-length VP16, expressed from the separate plasmid, to mimic gene activation during HSV-1 infection. Despite high levels of activation by VP16 alone (Ϸ30-fold), suggesting that the IE175k promoter is active and responsive, no significant repression was observed in the presence of either A1KOX or A2KOX (data not shown). This lack of repression was not due to poor expression of the recombinant zinc-finger proteins in the cells because their presence was detected by both immunofluorescence and Western blotting.
Because the IE175k promoter contains only a single t4 site, adjacent to TAATGAGAT bound by VP16, it appeared likely that the three-finger proteins did not bind with high enough affinity to overcome VP16 activation. This conclusion is supported by the observation that the three-finger peptide B1KOX, which binds TAATGAGAT itself, also failed to inhibit viral replication in the HSV-1 titer assay, as described later. Given the above results, we decided to construct and test a six-finger protein, which we hoped would have higher DNA-binding affinity and, therefore, a greater chance of inhibiting the virus.
Analysis of the Six-Finger Protein Binding to the t4Gt2 19-bp
(GATCGGGCGGTAATGAGAT) DNA Sequence. The A1 and B1 threefinger proteins bind to 9-bp target sites in the HSV-1 promoter with a separation of 1 bp. This is convenient because by fusing A1 and B1 a six-finger protein, 6F6, is created that binds over 19 bp of the IE175k promoter, covering the TAATGAGAT sequence and the preceding 5Ј-region (Fig. 1a) .
In gel retardation assays, 6F6 showed, of the order of several hundredfold, greater affinity for the 19-bp t4Gt2 site than any of the three-finger peptides (Fig. 1d) . Moreover, despite the high affinity of 6F6 for its full-length DNA site, the protein exhibits very low affinity for related DNA sequences. Such sequences include the IE68k promoter region, which contains only three mismatches over a 19-bp region, and the HSV-1 IE110k and human H2B promoter regions. However, under the same conditions the three-finger peptide, B1, binds strongly to the same IE68k promoter region. In fact, the 6F6 protein (which contains B1) binds with lower affinity to the IE68k promoter (which contains the full t2 site targeted by B1) than the three-finger B1 peptide. This observation suggests that the A1 portion of 6F6 in some way disrupts its binding to the nonideal IE68k sequence, and so in this case, the six-finger protein demonstrates both higher affinity and greater specificity for the IE175k promoter than the three-finger peptide, B1. Furthermore additional domains fused to the C terminus of zinc fingers, e.g., nuclear localization signal and KRAB, do not alter binding affinities of the peptides tested.
In the repression studies, similar to those described for three-finger proteins, different quantities of p6F6KOX were transfected into cells along with a CAT reporter gene under the control of the IE175k promoter and a plasmid encoding VP16. Our results demonstrated that the 6F6KOX protein had a clear inhibitory effect on expression from the VP16-activated reporter gene. Moreover, repression was found to be dose dependent, with 96% repression achieved with the highest dose of the 6F6KOX plasmid in COS cells (Fig. 2) . A similar, but slightly lesser, effect was observed in HeLa cells. Even in the absence of the KRAB repression domain, 6F6 was found to partly inhibit CAT expression (Fig. 2) , which suggests that the 6F6-zinc-finger protein competes with VP16 for binding to the TAATGAGAT sequence. It is therefore likely that repression of the IE175k promoter by 6F6KOX is due to a combination of binding competition with VP16 and the direct action of KRAB.
Inhibition of HSV-1 Infection by 6F6KOX.
To investigate the effects of the 6F6KOX repressor protein on viral infection, COS-1 cells were transiently transfected either with the p6F6KOX or with a control-zinc finger construct (pHIVCKOX). These cells were then infected with HSV-1 and the time course of viral gene expression was monitored. The results showed a delay in appearance of all classes of HSV-1 proteins (including IE and late) in the cells transfected with p6F6KOX, compared with those transfected with pHIVCKOX (Fig. 3) . Taking into account the efficiency of transient transfection (30-35% of cells subsequently infected with HSV-1), the observed inhibitory effect of 6F6KOX on HSV-1 infection can be considered significant.
The inhibitory effect of 6F6KOX on viral infection also was observed in an immunofluorescence study (Fig. 4) . This experiment further revealed that in the later stages of infection, cells that expressed 6F6KOX showed fewer of the morphological aberrations associated with HSV-1 infection than did neighboring cells that had not been transfected (Fig. 4) . Although these results suggest that the 6F6KOX protein slows the infection, the repressor was unable to abolish expression of IE175k, as demonstrated by the occasional presence of both 6F6KOX and the IE175k in the same cell, at this late stage of infection. Nevertheless, in most cases, IE175k was present at lower levels in 6F6KOX-positive cells than in control cells in which HSV-1 infection seemed to progress normally (Fig. 4) .
Owing to the limitations of the transient transfection system used, such as variations in the initial levels of protein expression, Fig. 2 . Repression of VP16-activated transcription by the 6F6KOX and 6F6 proteins in the CAT reporter system. COS-1 cells grown in six-well cluster dishes were transiently transfected with a three-vector mixture comprising CAT reporter pPO13, activator pCMV-VP16, and various amounts (5, 50, or 500 ng) of the p6F6KOX-or p6F6-zinc-finger-expressing plasmid. Cells were harvested 40 h after transfection and assayed by using the CAT ELISA kit (Roche), and the total amount of CAT (ng͞ml) was plotted on the graph. Activation of the pPO13 reporter by VP16 (pPO13 ϩ VP16) was Ϸ30-fold over background (pPO13 alone), and repression with 500 ng of p6F6KOX was 2-fold over background, which corresponds to 96% inhibition. Fig. 3 . Expression of HSV-1 proteins during the course of infection in cells producing 6F6KOX. The course of HSV-1 infection in cells that express either 6F6KOX or a control protein, HIVCKOX, was monitored by using Western blotting. We were unable to detect IE proteins at time points earlier than 24 h after infection, probably because of the low multiplicity of infection used at the start of the assay. COS-1 cells grown in six-well plate cluster dishes were transfected with either p6F6KOX or pHIVCKOX and 40 h later infected with HSV-1 at a multiplicity of 0.05 pfu per cell or mock infected (mock). At various times after infection (as indicated in hours: 24, 31, or 37), cells were lysed directly on the plate by using 300 l of hot SDS loading buffer. The 50-l protein samples were separated by SDS͞PAGE, transferred onto nitrocellulose, and sequentially probed for HSV-1 proteins. HSV-1 VP16 was detected with mAb LP1 at a 1:1,000 dilution (VP16). HSV-1 IE110k was detected with rabbit polyclonal Ab r191 at a 1:1,000 dilution (IE110), and HSV-1 IE175k was detected with mAb 10176 used at a 1:5,000 dilution (IE175). Membranes were stripped before the addition of each new Ab. Cells were harvested at 26 h after infection and probed with Abs. The IE175k protein (anti-IE175, green) was detected with rabbit polyclonal Ab r74 used at a 1:200 dilution and followed by FITC-conjugated anti-rabbit Ab. The c-myc epitope present in the 6F6KOX (anti-c-myc, red) was detected with 9E10 used at a 1:200 dilution and followed by Texas red anti-mouse Ab. At this late stage of infection, typical changes in cell morphology can be observed. These include ballooning and rounding up of infected cells, distortion of the nucleus, apparent thickening of the nuclear membrane, and condensation of chromatin. IE175k in late infection can be found in all cellular compartments, being mainly associated with the nuclear rim and the cytoplasm. Typically, 6F6KOX-positive cells (red) exhibit fewer aberrations, and 6F6KOX is associated with the apparently unchanged nucleus (note intact nucleolus, arrow). (ϫ800.) it is difficult to obtain a precise assessment of the IE175k to 6F6KOX ratio in the infected cells, which could indicate the degree of IE175k inhibition. It would therefore be desirable to study HSV-1 infection within a homogeneous population of 6F6KOX-expressing cells. Unfortunately (as experienced by other researchers, ref. 43) , we found great difficulty in generating cell lines that stably expressed this artificial zinc-finger transcription factor. Therefore, to generate a more homogeneous population of cells, we used cell sorting to enrich for 6F6KOX-positive cells within the transiently transfected pool. Cells were transfected with p6F6KOX-TR or control plasmids, which express GFP, and sorted by using GFP as a marker. The selected cells were infected with HSV-1 at the low multiplicity of infection, and the total number of infectious viral particles released into the medium during the course of infection was determined. The results of infection with 0.05 pfu per cell demonstrate a 10-fold reduction in viral titer in cells transfected with p6F6KOX-TR in comparison with cells transfected with pTRACER-CMV͞Bsd (Fig. 5) . To eliminate the possibility that the observed reduction in HSV-1 titer could be attributed to cell loss caused by a general cytotoxic effect exerted by 6F6KOX, a sample of uninfected cells was analyzed by FACS at the beginning and at the end of the time course experiment. Significantly, in this experiment, no increased cell death was found to be associated with expression of this particular protein.
Despite the lack of detectable cytotoxicity over the course of the previous experiment, it was still important to demonstrate that the mechanism of HSV-1 inhibition was, as intended, a direct consequence of the repression of the IE175k promoter by 6F6KOX. To address this problem, the production of viral transcripts was analyzed. Owing to the complex effects that the IE175k activator͞repressor has on other genes (including other IE genes) at every stage of infection, it was considered vital to assay HSV-1 transcription at the earliest possible time points during the progress of infection. RNA samples were collected between 3 and 6 h after infection with 0.2 pfu per cell and analyzed by real-time PCR. In cells that expressed 6F6KOX, we found that IE175k mRNA levels were reduced by 35-50%, in comparison with cells that expressed either B1KOX or GFP only. Furthermore, in 6F6KOX-expressing cells the reduction in IE175k mRNA correlated with a decrease in the levels of later viral transcripts such as thymidine kinase mRNA. A further control showed, as expected, that the IE63k gene was not inhibited by the zinc-finger repressor. In conclusion, these results are consistent with the specific inhibition of IE175k expression as a direct result of the action of the engineered 6F6KOX transcription factor.
Discussion
In this work we have investigated the use of ''designer'' zincfinger transcription factors in regulating the replicative cycle of a live virus, HSV-1. The engineered three-and six-finger proteins were targeted to a 19-bp region of the promoter for the IE gene IE175k, which encodes for a critical viral regulatory protein. This gene was also used as a target by Trang et al. (4, 5) , who successfully inhibited HSV-1 replication by using a ribozyme constructed against IE175k mRNA.
The experiments described demonstrate that the most potent zinc finger protein, a six-finger construct, 6F6KOX, was able to significantly repress transcription of the viral DNA. 6F6KOX was designed to bind across one of two conserved TAATGA-RAT enhancer sequences (the natural binding site of the viral VP16 activator) in the promoter of the IE175k gene. The presence of a second, proximal, TAATGARAT-like sequence (at position Ϫ115 to Ϫ106 relative to the transcription start site, ref. 42 ) was an added complication because it was anticipated that VP16 would still bind at this sequence and activate the IE175k gene from this site. In contrast, it was not expected that the 6F6KOX protein would bind over the proximal TAATGA-RAT site because of 10 differing bases over the equivalent 19-bp region. Given these factors, we feel that the 96% inhibition of IE175k gene transcription achieved by the 6F6KOX protein in the CAT assay system is very significant. Perhaps more significant, however, in the context of our aim, was the 10-fold (90%) reduction in viral titer observed in HSV-1-infected cells, in comparison to control samples. To achieve further repression of HSV-1, other immediate early genes would have to be targeted in parallel with IE175k. Results similar to these presented here, namely levels of HSV-1 inhibition of 80-90%, have been reported for other experimental antiviral approaches, such as antisense oligonucleoside methylphosphonates complementary to IE mRNAs 4 and 5 (2) and decoy oligonucleotides capable of sequestering the IE175k protein (43) .
In contrast to the results obtained with 6F6KOX, the threefinger transcription factors lacked any significant activity in the reporter system. This was despite their displaying good affinities for their respective target sites in vitro, which were comparable to the natural three-finger protein, Zif268. It is likely that the success of the six-finger protein was due to a combination of increased binding affinity, a longer half-life, and a slower off-rate when bound to its full-length target site (14) , which allow more effective competition with the natural VP16 transcription factor. Similarly, Beerli et al. (45) have presented data that demonstrated the activation of the endogenous erbB gene by using a designer six-finger protein, whereas its three-finger constituents failed to activate the promoter. In contrast, Liu et al. (15) have shown that activation of the VEGF-A gene can be achieved by using three-finger activators that target DNase I-hypersensitive regions in the promoter. We believe that engineered three-zinc finger proteins can play a significant role in customized gene regulation, and we have shown in our own studies that combinations of three-finger proteins, which target different regions of the same promoter, can have greatly enhanced regulatory properties (see also the companion paper, ref. 20) . That said, we feel that six-finger arrays will generally exhibit stronger effects than their component three-finger subunits, either individually or in combination.
Zinc-finger technology is the subject of intense research to investigate its possible applications in gene therapy and transgenic organisms. These efforts are in part fuelled by the clear advantages the technology has over other competing systems, such as antisense, ribozymes, or RNAi (RNA interference), in that these do not allow activation of target genes or genomic targeting of useful effector domains. Nonetheless, to date, only a limited number of endogenous cellular genes have been successfully regulated by engineered zinc-finger proteins (6, 14, 46, 47) , despite the ease with which zinc fingers can be generated to bind target DNA sites in vitro, and shown to regulate reporter constructs in cell culture systems (reviewed in refs. 7-9).
In the work presented here and in the companion paper (20) , we have demonstrated that a designer zinc-finger transcription factor can successfully inhibit the replication of a live virus. Furthermore, we expect that the rapid advances in the fields of zinc-finger engineering and biotherapeutics will make the wide practical applications of this technology ever more feasible, especially in the view of recently reported use of zinc fingers in an in vivo mouse model (47) and in plants (48) .
